tions between stromal and hematopoietic cells in bone marrow (BM) and in cell traffic through vascular endothelium. To examine the identity of CAMS involved in these processes in mouse BM, we have investigated the in vivo expression of vascular cell adhesion molecule1 (VCAM-1) and its counterreceptor, very late antigen4 (VLA-4). Radioiodinated monoclonal antibodies (MoAbs) detecting VLA-4 and VCAM-1 were injected intravenously. Antibody binding was detected in BM by light and electron microscope radioautography. VCAM-1 labeling was restricted to stromal reticular cells and endothelial cells lining BM sinusoids. VCAM-l+ reticular cells formed patchy concentrations, especially in subosteal regions, associated with lymphoid, granulocytic, and erythroid cells. The in vivo organization of BM stroma is complex. Stromal reticular cells permeate the extravascular Lymphohematopoietic cells differentiating near the surrounding bone tend to move centrally as they develop, adhering to the reticular cell network."-" At appropriate stages of maturation, the developing cells detach from the reticular cells and traverse the sinusoidal endothelium. Newly formed B lymphocytes, unlike other emigrants, are retained in the sinusoid lumen before circulating to the peripheral lymphoid tissue^.'^-'^ In addition, the sinusoidal endothelium permits the selective entry from the blood of plasmablasts, recirculating lymphocytes, hematopoietic stem cells, and some neoplastic cells, notably multiple myeloma Receptor molecules mediating the adhesive properties of stromal cells and endothelial cells in vivo are, thus, of central importance in lymphohematopoiesis and the interchange of cells between BM and blood.
Vascular cell adhesion molecule-1 (VCAM-1) is a member of the immunoglobulin family of cell adhesion molecules (CAMs). It is constitutively expressed by dendritic cells and follicular dendritic cells (FDC) in peripheral lymphoid tissues, and it can be induced on either cultured or cytokineactivated endothelial cells.
Correlating with this pattern of expression, VCAM-1 has been implicated in mediating certain cell interactions in normal lymphoid tissues and germinal centers and the migration into inflammatory sites and neoplasms of blood cells that express the counterreceptor very late antigen-4 (VLA-4), a 01 integrin. VCAM-1 is also expressed by cultured BM stromal Anti-VCAM-1 antibodies cause lymphohematopoietic precursors and leukemidymphoma cell lines to detach from cultured BM stromal cells, inhibiting B lymphopoiesis and m y e l o p o i e s i~.~~~~~ Anti-VLA-4 antibodies have similar effects." The finding reticular cells and endothelial cells all showed VCAM-1 labeling in apparently increased intensity. VLA4 labeling was shown by undifferentiated blast cells and lymphohematopoietic cells both in BM cell suspensions and in vivo, especially at reticular cell contact points. The results demonstrate that VCAM-1 is expressed in vivo by certain BM reticular cells, suggesting that the molecule mediates adhesion to multiple lineages of lymphohematopoietic cells. The finding that VCAM-1 is also expressed constitutively by BM sinusoidal endothelium, unlike its inductive expression by endothelia elsewhere, suggests that VCAM-1 and VLA4 may be involved in regulating the normal cell traffic between BM and the blood stream. 0 1996 b y The American Society of Hematology.
that VCAM-1NLA-4 interactions are functionally important in BM cultures has raised the possibility of a similar role in vivo. There appear to have been no comparable studies of CAMs on the specialized endothelium of BM sinusoids.
The present study was aimed at examining the expression of VCAM-1 and VLA-4 by BM cells under physiologic circumstances in vivo. We have administered radiolabeled anti-VCAM-1 and anti-VLA-4 monoclonal antibodies (MoAbs) intravenously to mice and have detected MoAbbinding in BM by electron microscope radioautography. This technique permits the localization of cell surface determinants with high resol~tion.'~-'~ MoAb M/K-1, prepared against BM stromal cells, recognizes VCAM-1 and produces a reticular staining pattern on frozen sections of BM.26 MoAb PS.2, prepared against lymphomyeloid cells, recognizes VLA-4.** Using these MoAbs in normal mice and in yirradiated mice to reveal details of the radioresistant BM stroma, we now show that VCAM-1 is constitutively expressed both by BM reticular cells, associated with a variety of VLA-4+ hematopoietic lineages, and by the entire endothelium of BM sinusoids. tors. After irradiation, mice were fed autoclaved food and acidified water.
Mice in Plexiglas holding boxes were given a single dose of 9.5 Cy whole-body y-irradiation (0"'. 1.21 Gylmin) using a Cammacell irradiator (Radiation Safety Canada. Ottawa. Canada). This dose ablates all but a small proportion of hematopoietic cells in BM while leaving radioresistant stromal cells intact, thus allowing normally obscure stromal cell processes to be identified clearly by microscopy.
Affinity-purified MoAbs MIK-2 and PSI2 were prepared as described.'".2s Each antibody (150 pg) was radioiodinated by a modified chloramine-T method. as described," giving a final concentration of 5 to 10 pgIl00 p L (specific activity: MoAb MIK-2, 4.5 x 10" cpm/mg: MoAb PSI?. 2.7 x 10" cpm/mg ).
Three control and three y-irradiated mice were anesthetized with 1.6% chloral hydrate in 0.9% sterile saline (intraperitoneally: 0.03 mLIg body weight). The external jugular vein was exposed. and 100 p L of '"I-labeled MoAb was injected intravenously. as described." After 3 minutes, unbound MoAb and blood were washed out by whole-body arterial perfusion. The left ventricle was cannulated and a syringe pump (model 355: Sage Instruments. White Plains. NY) was used to deliver cold Ringer's solution ( 3 mLImin: IO minutes). which escaped from lrrodiafiori.
Arifihodies arid radioiodiriafiori.
In i i i w lahe/irig I?! MoAhs M/K-2 (itid PS/2.
an incision in the right atrium. Tissues were then fixed in situ by perfusing cacodylate-buffered 2.5% glutaraldehyde (pH 7.2) for IO minutes.
Perfusion-fixed femurs were immersed in buffered 2.5% glutaraldehyde fixative overnight. decalcified in EDTA (10% wtIvol) at 4°C for 5 days, postfixed in I % potassium ferrocyanide-reduced osmium tetroxide. dehydrated in acetone. and embedded in Epon 812 (JBEM, St Laurent, Canada). Hardened Epon blocks were trimmed to expose a middiaphyseal face of femoral BM. For light microscopic (LM) preparations. sections ( Ipm thick) were stained with iron alum and hematoxylin and dipped in Kodak KSD emulsion (Kodak. Toronto. Canada). LM radioautographs were developed after exposure for 8 and 2 I days. For electron microscopy (EM). sections (70 to 84 nni thick) were placed on slides. dipped in llford L4 emulsion (Ilford. Essex. UK). and exposed for 6. IO. and 14 weeks. After radioautographic development, the sections were placed on copper grids and stained with uranyl acetate and lead citrate. as described." LM radioautographs were examined for the intensity and distribution of radioautographic grains using a Zeiss photomicroscope with bright field illumination (Zeiss Canada, Toronto. Canada). Using ;I transmission electron microscope (Phillips EM 400, Eindhoven. The Netherlands). at least three entire sections from each femur of three mice were examined iit each of the three exposure times. representing a scrutiny Tissirc, proccwirig mid rrr~/ionrrfo,~rcr~li~.
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From of more than 150.000 nucleated BM cells for each MoAb. The same number of BM sections. composed mostly of stromal cells, were examined from irradiated mice.
Mf>Ah.Y M/K-2 mid PSD. Two groups of three mice were killed by cervical dislocation. Femurs Neal's tetrachrome. A total of 1.000 to 2.000 nucleated cells were examined throughout the length of each smear. and the radioautographic grains associated with each cell were counted. Cells were assigned to erythroid. granulocytic. and lymphoid lineages by established hematologic criteria.'" lft i*ifrn lo/wlifi,~ of'rc4l s r~s~~~~~~s i o r i s and spleens were removed and placed in cold Eagle's minimum essential medium containing IO% newborn calf scrum (NCSIMEM). Spleens were teased through wire mesh and thoroughly resuspended in cold NCSIMEM. Femoral epiphyses were removed. and diaphyseal BM was flushed out with cold NCSIMEM. Cell suspensions were layered over NCS to allow particles of bone and connective tissue to sediment out and were washed by centrifugation through NCS (7 minutes. 200 ,q). The cells were resuspended in NCSIMEM and adjusted to a concentration of 4 X IO' mL. merisured by an electronic panicle counter (Coulter Electronics. Hialeah, FL). Cell suspensions (100 pL) were incubated with either I2'I-MoAh MIK-2 or '"I-MoAb PSI2 (100 pl: 150 dilution) for 30 minutes on ice. washed through 6% bovine serum albumin (BSA) in phosphatebuffered saline (PBS, pH 7.2: 7 minutes 200 <?). resuspcndcd in 6 4 BSAIPBS. smeared onto gelatin-coated glass slides. and air-dried. The slides were dipped in Kodak NTB-2 emulsion (Koduk). exposed for I , 8. and 21 days. developed. and stained with a niodified Mac-
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The in vivo administration of radiolabeled MoAb M/K-2, recognizing VCAM-I , and MoAb PS/2. recogni~ing VLA-4, produced contrasting patterns of LM radioautographic labeling in BM of young C3H/HeJ mice (Fig I) . Discrete areas of labeling by "51-MoAb M/K-2 were present throughout transverse sections of midshaft femoral BM (Fig 1 A) . Linear concentrations of labeling, apparently associafed with venous sinusoids. were located in all areas. while patches of heavy extravascular labeling were also present, most prominently in peripheral areas near the surrounding bone. In contrast. '%MoAb PS/2 administration produced a generalized low-intensity labeling of extravascular cells throughout the BM (Fig IC) .
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To distinguish between labeling of BM stromal cells and hematopoietic cells, young C3H/HeJ mice were y-irradiated (9.50 Gy) 2 days before administering radiolabeled MoAbs M/K-2 or PS/2. Nearly all hematopoietic cells had been killed by y-irradiation and removed from BM. revealing the radioresistant stromal elements (Fig IB and D) . The extravascular compartment. reduced to narrow spaces between dilated venous sinusoids, contained stromal reticular cells and macrophages interconnected by branching cytoplasmic processes (Fig IB and D) . The few remaining hematopoietic cells included megakaryocytes, granulocytes, and cells of undifferentiated morphology. The BM of y-irradiated mice showed intense MoAb M/K-2 binding by many reticular cells and their processes, as well as by sinusoidal endothelium throughout the BM (Fig IB) . The binding of MoAb PS12, in contrast, was minimal. A few residual hematopoietic cells (three to five per BM section) and some macrophages containing numerous phagosomes showed MoAb PS/2 labeling, whereas reticular cells and sinusoidal endothelium were unlabeled. Some cells of uncertain identity within the sinusoidal lumen were labeled by MoAb PS/2 (Fig ID) .
Details of "'I-MoAb M/K-2 binding were revealed by EM radioautography after giving the MoAb to normal mice (Figs 2 through  5) . Heavy VCAM-I labeling was restricted to reticular cells characterized by an electron-dense cytoplasm containing clear vacuoles and heterogeneous granules and an elongated nucleus exhibiting many clumps of heterochromatin (Figs 2  through 4) . The intensity of VCAM-1 expression, indicated by density of radioautographic labeling. was approximately VCAM-I e.rpressioii I?y stroninl cells in RM. uniform along the length of the reticular cell processes. Not all electron-dense stromal cells showed VCAM-1 labeling. however. and the numerous electron-lucent reticular cells were generally VCAM-I -negative.
Typically, each VCAM-I + reticular cell process was applied closely to a number of hematopoietic cells, which by morphologic criteria represented a variety of lineages (lymphoid. granulocytic, erythroid) and differentiation stages (Fig 2A) . Many VCAM-I reticular cells were located in peripheral areas of BM, occasionally forming interconnected networks, in some cases surrounding a cluster of hematopoietic cells (Fig 2A and B) . Some VCAM-I + reticular cells in the subosteal region were in small groups (Fig  3) . while others appeared either to form an adventitial cover around subendosteal capillaries. or partially to replace the endothelial lining of venous sinusoids (not shown).
Endothelial cells of BM sinusoids were prominently labeled by '"I-MoAb M/K-2 (Fig 4) . All such endothelium was labeled, from small subosteal sinusoids to the large central venous sinus. The intensity of VCAM-I labeling was uniformly heavy over each endothelial cell. EM radioautographic grains were closely superimposed over the endothelium, but. because of the tenuous nature of the cells, the VCAM-I expression generally could not be assigned to either the luminal or the abluminal surface. Where endothelial cells thickened. however. particularly near the nucleus. VCAM-I expression was clearly evident on the luminal surface (Fig 4) . Arteriolar endothelium also showed some light labeling by '251-MoAb M/K-2.
Hematopoietic cells remained unlabeled by "'I-MoAb M/
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From K-2 except that peripherally-located megakaryocytes showed labeling around their circumference. often associated with processes of labeled reticular cells (not shown).
VCAM-I e.rpression by stromal cells in y-irradiated RM. Reticular cell processes formed a network almost devoid of hematopoietic cells in BM of mice 2 days after y-irradiation (9.50 Cy). as viewed by EM (Fig 5) . The processes showed well-localized labeling by "'I-MoAb M/K-2 (Fig 5) . Compared with normal BM. the reticular cells were less heterogeneous in appearance, with none having a particularly electron-dense cytoplasm (Fig 5) . Using a standard dose of "'I-MoAb M/K-2 and identical radioautographic exposure times for both normal and y-irradiated BM, the number of photographic grains overlying the reticular cells would be proportional to the radioactivity of bound MoAb M/K-2. By these criteria. the high labeling intensity displayed by reticular cells in irradiated BM (Fig 5) suggested an apparently increased expression of VCAM-1 compared with reticular cells in normal BM. Moreover. every reticular cell was labeled. in contrast to the selective labeling in normal mice.
Sinusoidal endothelium in y-irradiated mice showed heavy VCAM-1 expression by EM radioautography (Fig 5) . After in vivo administration of '251-MoAb PS/2, labeling of low intensity was evidenced by hematopoietic cells of early erythroid, granulocytic, and lymphoid morphology (Fig  6) . The radioautographic binding sites were localized to areas of cell surface membrane that often were in contact with either reticular cell processes (Fig 6) . or, in outer regions of BM. a prominent electron-dense extracellular matrix (not shown). No MoAb PS/2 labeling was detected on either endothelium or reticular cells. (Fig 7) capable of providing multiple lineagespecific growth factors." This labeling pattern is in contrast with the expression of another stromal cell determinant, a 1 00-Kd protein recognized by MoAb KMI-6 and apparently restricted to areas of BM reticular cell surfaces interacting only with lymphoid cells.35 After y-irradiation, the KMI-6 determinant is expressed diffusely and in diminished amounts,z5 suggesting that it may be induced by the interacting lymphoid cells. VCAM-I expression, on the other hand, persists and even apparently increases in intensity when hematopoietic cells have been removed by y-irradiation. This resembles the increased expression of other adhesion molecules and growth factors reported as a result of Blood leukocytes rolling along such activated endothelium undergo conformational changes in surface integrins, including VLA-4, strengthening their attachment, before they extravasate between endothelial cells. Anti-VCAM-1 antibodies have been reported not to bind to cultured endothelial cells derived from human BM aspirates6' However, our finding that VCAM-1 is constitutively expressed in vivo by endothelial cells throughout the entire sinusoidal pathway in mouse BM suggests that this molecule may be implicated in the cell traffic between BM and blood.
BM is the site of large-scale continuous efflux of locally generated blood cells. Modulation of VLA-4 expression, as well as releasing cells from BM stroma, could be important in allowing cells to pass freely through the VCAM-1 + sinusoid endothelium into the systemic circulation. Newly formed B lymphocytes accumulate within segments of sinusoids, where they resist displacement by perfusion and appear to be adherent to the sinusoidal ~a l l s . '~~l~~'~ The cells may undergo some intravascular maturation before going to the peripheral immune system. This phenomenon, termed "lymphocyte loading," has been attributed to a temporary segmental cessation of sinusoid blood flow." This, however, fails to account for the selective retention of lymphocytes. Our findings raise the possibility that maturing B cells may determine their retention within the lumen by the state of their surface VLA-4, which, for a while, may engage VCAM-1 displayed by the endothelium.
A variety of cells selectively enter BM from the blood. Hematopoietic stem cells injected intravenously as in BM transplantation, rapidly home into recipient BM.62 Such progenitor cells can also circulate between the various hematopoietic organs. In addition, certain B and T lymphocytes recirculate continuously between blood and BM," while activated memory B cells migrate selectively from spleen to BM, where they form long-lived plasma cells." Although certain lectins have been identified on hematopoietic stem cells,"' the recognition molecules responsible for BM homing are essentially unknown. As VLA-4 is widely expressed by B and T lymphocytes in the blood, it is possible that binding to BM endothelial VCAM-1, probably in combination with other adhesion molecules, may be involved in the recirculation of cells into BM, thereby differing from recirculation through peripheral lymphoid tissues." The finding of undifferentiated VLA-4+ cells in the sinusoids of y-irradiated BM raises the possibility that the entry of stem cells into BM may be mediated in part by adhesion to endothelial VCAM-I. A similar mechanism could underlie the entry of neoplastic cells, notably multiple myeloma cells, which express functional VLA-4 and other adhesion molecules.lx The extensive surface area of BM sinusoidal endothelium and the high rate of blood flow make BM highly efficient in extracting appropriate cells from the blood circulation. Further information on the in vivo expression of adhesion molecules by BM sinusoidal endothelium may suggest means either to enhance the homing of hematopoietic stem cells or to block the entry of neoplastic cells into BM. 
